We analyze the first measurement of ηc production, performed by the LHCb Collaboration, in the nonrelativistic-QCD (NRQCD) factorization framework at next-to-leading order (NLO) in the strong-coupling constant αs and the relative velocity v of the bound quarks including the feeddown from hc mesons. Converting the long-distance matrix elements (LDMEs) extracted by various groups from J/ψ yield and polarization data to the ηc case using heavy-quark spin symmetry, we find that the resulting NLO NRQCD predictions greatly overshoot the LHCb data, while the color-singlet model provides an excellent description.
Despite its theoretical rigor, NRQCD factorization has reached the crossroads in the J/ψ case. While a global fit [4] to the J/ψ yields measured in hadroproduction, photoproduction, γγ scattering, and e + e − annihilation successfully pins down the leading color-octet (CO) LDMEs, O J/ψ ( 8] 0 ) , in compliance with the velocity scaling rules, the resulting predictions for J/ψ polarization in hadroproduction are in striking disagreement with measurements at the Fermilab Tevatron and the CERN LHC [5] . Vice versa, fits to data on J/ψ yield and polarization in hadroproduction work reasonably well [6] [7] [8] , but hopelessly fail in comparisons to the world's data from other than hadronic collisions [9] .
Very recently, the LHCb Collaboration measured, for the first time, the prompt η c yield, via η c → pp decays [10] . The data were taken at center-of-mass energies √ s = 7 and 8 TeV in the forward rapidity range 2.0 < y < 4.5 for variable transverse momentum p T . This provides a tantalizing new opportunity to further test NRQCD factorization and, hopefully, to also shed light on the J/ψ polarization puzzle, the more so as the η c meson is the spin-singlet partner of the J/ψ meson, which implies that the LDMEs of the two are related by heavy-quark spin symmetry (HQSS), one of the pillars of NRQCD factorization. The dominant feed-down contribution is due to the radiative decay h c → η c γ. The leading CS and CO Fock states of direct η c (h c ) production are So far, only incomplete LO calculations were carried out for direct η c production, excluding the 1 S [8] 0 contribution [11] . For the reasons explained above, it is an urgent matter of general interest to provide a full-fledged NRQCD analysis of prompt η c hadroproduction, at NLO both in α s and v, and this is the very purpose of this Letter. From the J/ψ case, where such systematic investigations already exist [4, [6] [7] [8] , we know (i) that O(α s ) corrections may be sizable, especially in the
corrections may be non-negligible [12, 13] , and (iii) that feed-down contributions to prompt production may be substantial, reaching 20-30% in the χ cJ case [7, 14, 15] .
We work in the collinear parton model of QCD implemented in the fixed-flavor-number scheme with n f = 3 quark flavors active in the colliding protons, which are represented by parton density functions (PDFs) evaluated at factorization scale µ f . At NLO in NRQCD, the relevant partonic cross sections are given by contain their O(v 2 ) corrections, and Q h (n) with Q = O, P and h = η c , h c are the appropriate LDMEs. We approximately account for the mass difference between the η c and h c mesons by substituting p T → p T m hc /m ηc in the h c SDCs. The definitions of the O and P operators for S-wave states and the O operator for the P -wave states may be found in Refs. [2, 13] . Analogously, we define the P operators of the relevant P -wave states as
χ + H.c.,
The HQSS relationships between the η c and h c LDMEs, which are exact through O(v 2 ), read [2] :
) turn out to be proportional to ( 
) , where the poles in ǫ = 2 − d/2, with d being the space-time dimension in dimensional regularization, are of ultraviolet (UV) or IR origin. After appropriate MS operator renormalization, the renormalized LDMEs are given to O(α s ) by
where µ λ and µ r are the NRQCD and QCD renormalization scales, respectively, and O h (n) 0 are the treelevel LDMEs. The IR poles in Eq. (4) match otherwise uncanceled IR poles produced by the real radiative corrections to the P -wave SDCs. The µ λ dependences of the renormalized LDMEs are then determined by solving
. We do not need to consider NLO corrections to P -wave LDMEs, since they are proportional to operators beyond O(v 2 ). We calculate the O(α s ) and O(v 2 ) corrections to the SDCs using the techniques developed in Refs. [13, 17, 18] . The O(α s ) corrections to
state hadroproduction have only recently been calculated in Ref. [19] . We can reproduce the results therein within the uncertainties expected from the phase-space-slicing method. We can trace the only significant difference to the variation of µ λ about its default value, which was executed in Ref. [19] only in the SDCs, where it is induced via Eq. (4) 
SDCs as well as the O(v
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SDCs are calculated here for the first time.
In our numerical analysis, we adopt the values m ηc = 2983.6 GeV, m hc = 3525.38 GeV, and Br(h c → η c γ) = 51% from Ref. [20] , take the charm-quark mass, which we renormalize according to the on-shell scheme, to be m c = 1.5 GeV, and use the one-loop (two-loop) formula for α (n f ) s (µ r ) with n f = 4 at LO (NLO). As for the proton PDFs, we use the CTEQ6L1 (CTEQ6M) set [21] at LO (NLO), which comes with an asymptotic scale parameter of Λ T + 4m 2 c being the charmonium's transverse mass. We in turn adopt two approaches to determine the η c and h c LDMEs. In the first one, we obtain them via Eq. (3) from the J/ψ and χ c0 LDME sets determined at NLO, but ignoring relativistic corrections, by four different groups [4, [6] [7] [8] from different selections of J/ψ and χ c0 production data (see Table I ). In those cases where no χ cJ or CS J/ψ LDMEs are available, we omit the corresponding contributions. The observation that direct η c production almost exclusively proceeds via the
channel will provide a retroactive justification for that.
In Fig. 1 , we analyze the O(α s ) and O(v 2 ) corrections to the contributing SDCs for unit LDMEs. We note that the O(α s ) corrections turn the
1 SDC negative, a feature familiar, for example, from the
J SDC of direct J/ψ hadroproduction [18] . However, the
SDC stays positive also after including the O(α s ) corrections. As for the O(v 2 ) corrections, we observe that the
NLO are almost independent of p T and of order unity for all n, except for 1 P
1 , which confirms that the relativistic corrections are actually of relative order O(v 2 ). In Fig. 2 , the LHCb data [10] are compared with the dσ/dp T (pp→η c +X)
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[8] 6.5-10 (4.8 ± 1.5) × 10 2 (1.5 ± 0.5 NRQCD and CSM default predictions including O(α s ) but excluding O(v 2 ) corrections, evaluated with the four LDME sets in Table I . In Table II , the same information is presented for the LHCb p T bins, together with three theoretical errors. The first one is due to the lack of knowledge of the values of P h (n) and the O(v 2 ) corrections to the HQSS relations (3). Both effects are estimated by evaluating Eq. (1) with P h (n) = ξm 2 c O h (n) and varying ξ in the range −0.5 < ξ < 0.5, so that ξ is of order v 2 ≈ 0.23 as obtained from potential model calculations [22] . The second theoretical error is due to unknown corrections beyond O(α s ), which are estimated by varying µ λ , µ r , and µ f by a factor of two up and down relative to their default values. The third one is due to the fit errors in the LDMEs specified in Table I . The error bands shown in Fig. 2 are obtained by adding these three errors in quadrature.
In Fig. 2 , the default NRQCD predictions are also broken down to the individual Fock state contributions. Evidently, the h c feeddown contribution is negligible owing to the small 0 SDCs, a feature that could not be anticipated without explicit calculation, the more so as the χ cJ feeddown contribution to prompt J/ψ production is quite significant. The most striking feature is, however, that the CSM, which is basically made up just by the 1 contributions comply with this condition for all four J/ψ LDME sets considered, the latter dictate a very sizable
1 contribution, which overshoots the LHCb data by up to about one order of magnitude. Even the LDME set that describes the LHCb data best, namely the one of Ref. [4] , yields an unacceptable χ 2 /d.o.f. value of 257/7 with respect to the default NRQCD predictions. If we take the lower borders of the respective error bands in Fig. 2 as a reference, then χ 2 /d.o.f. comes down to 36.7/7, which is still very poor.
In our second approach, we determine the η c and h c LDMEs without recourse to the J/ψ and χ cJ LDMEs, by directly fitting the LHCb data under certain simplifying assumptions. First, we neglect the h c feeddown contributions by appealing to their dramatic suppression in Fig. 2 . Second, we neglect the 1 contributions to direct η c production. As in Table I 0 ) from the η c → γγ partial decay width [23] , 0 contributions dominating in high-p T J/ψ hadroproduction and to explain both the J/ψ yield and polarization observed experimentally. However, unlike the J/ψ case, the theoretical prediction of direct η c hadroproduction is well under control. In fact, there are no large NLO corrections in neither the CS or CO channels, and the h c feeddown contributions are also small.
To summarize, we calculated, for the first time, the O(α s ) corrections to the 0 ) via HQSS yielded a value that undershoots the expectation from the velocity scaling rules by about one order of magnitude and the respective results from the NLO NRQCD fits to J/ψ production data currently on the market [4, [6] [7] [8] by at least 6.47 standard deviations. Taking for granted that the LHCb results [10] and the HQSS relations (3) can be trusted and observing that the kinematic region probed falls into midp T range, where neither large logarithms ln(p 2 T /m 2 c ) nor factorization breaking terms are expected, we are led to conclude that either the universality of the LDMEs is in question or that another important ingredient to current NLO NRQCD analyses has so far been overlooked.
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